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HIGHLIGHTS 


•  Amorphous  Ni(OH)2  nanoboxes  was  prepared  by  template  method. 

•  Ni(OH)2  nanoboxes  has  a  high  surface  area  of  214.6  m2  g 

•  Exhibited  high  specific  capacitance  of  2495, 1993  F  g  1  at  current  of  1  and  10  A  g1. 

•  Uniform  hollow  and  mesoporous  structure  contribute  to  excellent  performance  of  supercapacitor. 
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Amorphous  mesoporous  Ni(OH)2  nanoboxes  are  synthesized  by  template-engaged  routes.  The  nano¬ 
boxes  are  characterized  by  SEM,  TEM,  XRD,  XPS  and  BET  methods.  The  nanoboxes  have  uniform 
morphology  of  450—500  nm,  high  surface  area  of  214.6  m2  g-1  and  mesoporous  structure  of  4—20  nm. 
Electrochemical  characterization  are  tested  using  cyclic  voltammetry,  chronopotentiometry  and 
impedance  spectroscopy,  respectively.  These  amorphous  mesoporous  Ni(OH)2  hollow  nanoboxes  shows 
high  specific  capacitance  of  2495,  2378,  2197,  1993  F  g-1  at  discharge  current  of  1,  2,  5  and  10  A  g-1 
respectively.  The  property  tests  demonstrate  the  high  specific  capacitance  and  excellent  cycling  of  the 
amorphous  Ni(OH)2  nanoboxes  material  for  high-performance  electrochemical  pseudocapacitors. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Electric  energy  storage  devices  with  high  energy  storage  ca¬ 
pacity  and  fast  charge-discharge  ability  are  very  important  and 
desirable  today  as  they  can  find  numerous  applications  in  plug-in 
electric  vehicles,  back-up  power  sources,  energy  storage  for  wind 
and  solar  energy  and  so  forth.  Presently  the  two  major  areas  of 
advanced  energy  storage  devices  are  batteries  and  electrochemical 
capacitors  [1].  Electrochemical  capacitors,  also  known  as  super¬ 
capacitors,  are  particularly  suitable  for  applications  requiring  high 
power  density  and  high  charge-discharge  rates,  such  as  portable 
electronic  devices,  hybrid  vehicles  and  renewable  energy  systems, 
due  to  their  much  higher  power  densities  than  conventional  sec¬ 
ondary  batteries  and  their  long  cycle-life  (up  to  104  cycles)  and 
safety  tolerance  to  high  rate  charge  and  discharge  [1-4]. 
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The  supercapacitors  in  general  include  traditional  double-layer 
supercapacitors  and  Faradic  redox  reaction  pseudocapacitors.  The 
energy  density  based  on  pseudo-Faradic  processes  is  usually  many 
times  greater  than  that  of  the  double-layer  supercapacitors  [5-9]. 
Transition  metal  oxides  [7,8]  and  conductive  polymers  [10-12]  are 
frequently  used  as  the  Faradic  redox  pseudocapacitors.  In  partic¬ 
ular,  supercapacitors  based  on  ruthenium  oxide  have  shown  ul- 
trahigh  pseudocapacitance  and  excellent  reversibility  [13,14]. 
However,  the  high  cost  of  Ru02  and  the  relatively  low  specific 
capacitance  of  NiOx,  CoOx,  and  MnC^  greatly  undermine  their 
overall  effectiveness  for  supercapacitor  applications  [15-22]. 
Among  numerous  active  electrode  materials,  nickel  hydroxide 
(Ni(OH)2)  has  been  recognized  as  a  promising  electrode  material  in 
electrochemical  capacitors  [9,23]. 

Regulating  and  controlling  the  structure  (shape,  size  or 
component)  of  nanomaterials  has  been  already  regarded  as  a 
challenging  but  vital  work  for  scientists  since  the  properties  of  the 
nanomaterials  are  usually  structure-dependent  [24].  In  past  work, 
nickel  hydroxide  with  different  morphologies  have  been  studied. 
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Due  to  their  well-defined  interior  voids,  high  specific  surface  area, 
low  density,  and  structural  stability,  hollow  nanostructures  have 
attracted  growing  interest  in  recent  years  and  they  should  deserve 
more  attention  on  controllable  preparation  because  of  their  widely 
application  [25].  In  addition,  amorphous  Ni(OH)2  materials  are 
usually  assessed  as  unsuitable  electrochemical  capacitors  because 
of  their  poor  performance  [26].  However,  the  amorphous  phase 
offers  a  rather  unique  electrochemical  behavior  [27-29]  that  may 
be  exploitable  in  certain  device  applications.  Also,  H.  B.  Li  [30] 
recently  report  that  amorphous  nickel  hydroxide  nanospheres  ex¬ 
hibits  high  capacitance  and  high  energy  density.  So  our  study  focus 
on  the  supercapacitor  electrode  properties  of  amorphous  Ni(OH)2 
nanoboxes. 

In  our  study,  we  synthesize  uniform  amorphous  Ni(OH)2 
nanoboxes  using  template-engaged  routes  [31  and  then  fabricate 
supercapacitors  from  these  nanoboxes.  These  mesoporous  hollow 
nanoboxes  can  greatly  increase  the  specific  surface  area,  thus 
contributing  to  the  pseudo-capacitance  reaction  and  improving  the 
electrochemical  properties  of  materials.  Our  measurements  indi¬ 
cate  that  these  nanoboxes  exhibit  excellent  overall  electrochemical 
performances,  including  high  capacitance  and  super-long  cycle  life. 
Moreover,  this  amorphous  structure  further  promotes  the  appli¬ 
cation  of  amorphous-phase  nanomaterials  as  advanced  electro¬ 
chemical  pseudocapacitor  materials. 


2.  Experimental 

2.1.  Preparation  of  C112O  templates  and  amorphous  Ni(OH)2 
nanoboxes 

10.0  mL  NaOH  aqueous  solution  (2.0  mol  L-1)  was  added 
dropwise  into  the  CuC12  -2H20  (0.01  mol  L-1, 100  mL)  transparent 
light  green  solution.  After  stirring  for  0.5  h,  an  ascorbic  acid  solu¬ 
tion  (0.6  mol  L-1, 10.0  mL)  was  added  dropwise  into  the  dark  brown 
solution.  A  turbid  red  liquid  gradually  formed.  The  mixture  was 
aged  for  3  h,  Cu20  templates  were  formed.  All  of  these  procedures 
were  carried  out  under  constant  stirring  and  heated  in  a  water  bath 
at  40  °C. 

Uniform  amorphous  Ni(OH)2  nanoboxes  with  intact  shell 
structures  were  quickly  fabricated  by  deliberately  selecting  S203_ 
as  the  coordinating  etchant  toward  Cu20  templates  and  optimizing 
the  reaction  conditions  according  the  previously  reported  method. 
[31  ]  0.1  g  Cu20  templates,  0.034  g  NiCl2  •  6H20  and  3.33  g  PVP  were 
added  into  100  mL  CH3CH20H/H20  =  1:1  solution.  After  string  for 
10  min,  40.0  mL  Na2S203  (1.0  mol  L_1)  was  added  dropwise  into  the 
mixture.  Ni(OH)2  nanoboxes  were  formed  after  string  for  10  min. 


2.2.  Characteration  of  amorphous  Ni(OH)2  nanoboxes 

The  morphology  and  microstructure  of  the  as-prepared  amor¬ 
phous  Ni(OH)2  nanoboxes  were  investigated  using  an  FE-SEM  (JSM- 
6701 F).  Chemical  compositions  and  crystallite  structures  of  the 
samples  were  determined  by  XRD  (X0  Pert  Pro,  Philips).  The  surface 
chemical  species  of  the  as-prepared  amorphous  Ni(OH)2  nanoboxes 
were  examined  on  a  PerkineElmer  PHI-5702  multifunctional  X-ray 
photoelectron  spectroscope  (XPS,  Physical  Electronics,  USA)  using 
Al  Ka  radiation  of  1486.6  eV  as  the  excitation  source.  Nitrogen 
adsorption— desorption  isotherm  measurements  were  performed 
on  a  Micromeritics  ASAP  2020  volumetric  adsorption  analyzer  at 
77  K.  Before  adsorption-desorption  isotherm  measurements,  the 
samples  were  outgassed  at  80  °C  for  10  h  in  the  degas  port  of  the 
analyzer.  The  Brunauer— Emmette  Teller  (BET)  method  was  utilized 
to  calculate  the  specific  surface  area  of  the  sample. 


2.3.  Electrode  preparation  and  electrochemical  measurements 

The  working  electrode  was  prepared  by  mixing  the  electroactive 
material  (Ni(OH)2,  80  wt%),  10  wt%  carbon  black(10  wt%),  and 
polyvinylidene  fluoride  (10  wt%).  The  mixture  was  then  pressed 
onto  a  nickel  grid  and  dried  at  80  °C  in  air  for  3  h.  Each  electrode 
contained  about  1-2  mg  of  electroactive  material.  The  electro¬ 
chemical  performance  of  the  Ni(OH)2  sample  was  evaluated  by 
using  a  three-electrode  cell  with  Pt  foil  as  the  counter  electrode  and 
a  saturated  calomel  electrode  (SCE)  as  the  reference  electrode  in 
2  M  KOH  aqueous  solution.  Cyclic  voltammograms  (CVs)  were 
measured  on  a  Parstat  2273  advanced  electrochemical  system. 
Galvanostatic  charge-discharge  tests  were  carried  out  on  an  Arbin 
BT2000  system  in  the  voltage  range  of  0-0.5  V  (vs.  SCE)  under 
different  current  densities. 

3.  Results  and  discussion 

3.1.  Morphology  of  amorphous  Ni(0H)2  nanoboxes 

The  typical  low-magnification  scanning  electron  microscopy 
(SEM)  image  (Fig.  1(a))  clearly  illustrates  the  as-synthesized  sam¬ 
ples  be  composed  of  many  well-defined  nanoboxes.  An  overview 
scanning  electron  microscopy  (SEM)  image  in  Fig.  1(a)  shows  that 


Fig.  1.  (a)  overview  SEM  image  of  the  sample  with  uniform  morphology  (b)  magnified 
SEM  image  of  a  nanobox  Ni(OH)2  nanoboxes  (c)  the  SAED  pattern  of  the  nanobox;  (d) 
TEM  image  of  the  as-prepared  Ni(OH)2  nanoboxes;  e)  a  typical  nanobox  with  well- 
defined  interior  and  very  thin  shell;  (f)  mesopores  structure  of  a  nanobox. 
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the  sample  consists  of  uniform  nanoboxes  without  impure  particles 
or  aggregates.  A  cracked  nanobox  as  shown  in  Fig.  1(b),  interior 
space  can  be  seen  directly.  The  as-prepared  Ni(OH)2  nanoboxes 
have  a  hollow  interior  and  architecture.  The  cleft  of  these  nano¬ 
boxes  might  be  caused  by  rapid  mass  transport  across  the  shells 
during  fast  dissolution  of  the  Cu20.  No  crystalline  morphology  is 
detected  in  the  bright-held  transmission  electron  microscopy 
(TEM)  image  of  the  sample  (Fig.  1(c)).  The  selected  area  electron 
diffraction  (SAED)  pattern  suggests  the  amorphous  feature  of  the 
nanoboxes.  The  as-prepared  Ni(OH)2  nanoboxes  are  further  studied 
by  TEM  images.  As  displayed  in  Fig.  1(d),  a  highly  uniformity  of  the 
nanoboxes  can  be  observed  from  the  image,  which  is  in  agreement 
with  the  SEM  findings  in  Fig.  1(a).  The  TEM  image  (Fig.  1(e))  clearly 
illustrates  small  particles  constitute  the  cubic  shell  structure  with 
the  edge  length  of  450-500  nm.  The  shell  of  the  nanoboxes  is  as 
thin  as  about  35-45  nm  owing  to  the  initial  low  amount  of  Ni2+  in 
solution.  As  displayed  in  Fig.  1(f),  the  mesopores  of  a  nanobox  can 
be  observed.  The  mesopores  sizes  are  differed.  The  mesopore 
structure  could  be  the  main  cause  for  high  specific  surface  area  of 
the  nanoboxes. 

3.2.  Crystallographic  structure  of  as-prepared  Ni(OH)2  nanoboxes 

The  crystallographic  structure  and  phase  purity  of  Ni(OFI)2 
nanoboxes  are  evaluated  by  X-ray  powder  diffraction  (XRD)  as 
shown  in  Fig.  2.  The  sample  appears  its  amorphous  feature  both 
before  and  after  electrochemical  properties  test.  It  shows  the  amor¬ 
phous  structure  of  Ni(OH)2  nanoboxes  never  change  after  electro¬ 
chemical  test,  which  will  lead  to  excellent  cycling  performance. 

3.3.  Chemical  compositions  of  amorphous  Ni(OH)2  nanoboxes 

XPS  is  an  effective  surface  chemical  analysis  technique,  which  is 
used  to  determine  the  species  and  chemical  states  of  the  elements 
in  the  surface  of  the  materials.  The  X-ray  photoelectron  spectros¬ 
copy  (XPS)  of  the  product  is  shown  in  Fig.  3.  It  is  observed  that  a 
main  peak  at  856.1  eV  in  Ni2p  3/2  spectrum,  with  satellite  peaks  due 
to  Plasmon  losses  and  final  state  effects  [31,32];  and  a  single  peak  at 
530.8  eV  in  Ois  spectrum.  By  comparing  the  data  with  previous  XPS 
studies  on  Ni,  NiO,  NiOOH,  and  Ni(OFI)2,  the  presented  Ni2p3/2  and 
Ois  spectrums  can  be  assigned  to  Ni2+  and  OFT,  respectively,  in 
Ni(OH)2  [33,34].  Hence,  it  is  clear  that  Ni(OH)2  is  formed  under  the 
present  experimental  conditions. 


Fig.  2.  XRD  pattern  of  the  Ni(OH)2  nanoboxes,  before  and  after  electrochemical 
properties  test  (1  mV  s-1, 1000  cycling)  respectively. 


Fig.  3.  XPS  results  of  the  as-prepared  sample. 


3.4.  BET  properties  of  amorphous  Ni(OH)2  nanoboxes 

Fig.  4(b)  shows  the  pore  diameter  distributions  of  the  sample.  As 
shown  in  this  figure,  the  Ni(OH)2  materials  possess  a  mesoporous 
distribution  at  around  4-20  nm.  A  sharp  pore  size  distribution  with 
an  average  pore  size  of  9  nm  was  obtained  by  BJH  method,  calcu¬ 
lated  through  the  desorption  isotherm.  Since  the  size  range  of  the 
hydrated  ions  in  the  electrolyte  is  typically  6-7.6  A,  and  the  pore 
size  at  the  range  of  8-50  A  is  the  effective  one  required  to  increase 
either  the  pseudo-capacitance  or  electric  double-layer  capacitance 
[35]. 

Special  high  BET  surface  area  and  the  effective  distributions  of 
the  pore  size  of  the  nanobox-like  nanostructures  provides  the 
possibility  of  efficient  transport  of  electrons  and  ions  in  super¬ 
capacitors,  which  will  lead  to  high  electrochemical  capacity. 

3.5.  Electrochemical  performance  of  the  amorphous  Ni(OH)2 
nanoboxes 

The  electrochemical  performances  of  the  amorphous  Ni(OH)2 
hollow  nanoboxes  as  electrode  materials  for  supercapacitors  are 
tested  using  cyclic  voltammograms  (CVs)  and  galvanostatic 
charge-discharge  (GCD)  in  2  M  KOH  aqueous  solution  in  the 
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Ralative  pressure(P/Po) 


Fig.  4.  The  typical  N2  adsorption-desorption  isotherm  of  amorphous  Ni(OH)2 
nanoboxes. 


potential  range  0-0.5  V  vs.  SCE.  Fig.  5(a)  shows  the  CV  curves  of  the 
amorphous  Ni(OH)2  nanoboxes  electrode  at  different  scan  rates. 
The  shape  of  the  CV  reveal  that  the  capacitance  characteristic  is 
very  different  from  that  of  traditional  electric  double-layer  capac¬ 
itance  in  which  the  shape  is  normally  an  ideal  rectangular  shape.  A 
pair  of  cathodic  and  anodic  peaks  is  observed  in  the  CV  curves.  This 
result,  corroborating  previous  reports  [36-38]  indicates  the 
occurrence  of  Faradaic  reactions  which  is  based  on  the  reversible 
redox  mechanism  in  the  amorphous  Ni(OH)2.  The  mass  of  the  as- 
synthesized  Ni(OH)2  nanoboxes  is  0.1179  mg  cm-2.  Therefore,  the 
specific  capacitances  of  the  amorphous  Ni(OH)2  samples  are 
calculated  to  be  2401, 1689, 1497, 1400  and  1238  F  g_1  at  scan  rates 
of  1,  5, 10, 15  and  20  mV  s-1,  respectively.  With  increasing  scan  rate, 
the  specific  capacitance  decreases  gradually,  which  can  be  attrib¬ 
uted  to  electrolytic  ions  diffusing  and  migrating  into  the  active 
materials  at  low  scan  rates.  At  high  scan  rates,  the  diffusion  effect, 
limiting  the  migration  of  the  electrolytic  ions,  causes  some  active 
surface  areas  to  become  inaccessible  for  charge  storage  [30].  This 
result  indicates  the  excellent  capacitive  behavior  and  high-rate 
capability  of  the  amorphous  phase.  Note  that  the  measured 
capacitance  of  the  amorphous  uniform  Ni(OH)2  nanosboxes  is 
higher  than  that  of  reported  amorphous  Ni(OH)2  nanospheres 
material  [30]  2188  F  g_1,1667  F  g-1  at  the  scan  rates  of  1  and 
5  mV  s-1,  respectively.  This  high  specific  capacitance  can  mainly 
attributed  to  the  high  surface  area  and  mesoporous  hollow 


Fig.  5.  Electrochemical  characterization  of  amorphous  Ni(OH)2  nanoboxes  electrode. 

(a)  CV  curves  of  the  amorphous  Ni(OH)2  nanoboxes  at  various  scan  rates  in  2  M  KOH. 

(b)  Discharge  curves  of  amorphous  Ni(OH)2  nanoboxes  at  various  current  densities 
(ranging  from  1  to  10  A  g-1). 


nanostructure,  which  provide  effective  diffusion  channels  for  the 
electrolyte  ions. 

Fig.  5(b)  shows  the  results  obtained  for  the  Ni(OH)2  nanoboxes 
electrode  in  the  potential  range  of  0-0.5  V  at  various  discharging 
current  densities.  The  specific  capacitance  of  the  electrode  can  be 
calculated  from  the  discharge  curve.  The  specific  capacitances  are 
calculated  from  the  galvanostatic  discharge  curves  to  be  2495, 
2378,  2197  and  1993  F  g-1  at  discharge  current  of  1,  2,  5  and 
10  A  g-1,  respectively.  The  discharge  capacitance  at  10  A  g_1  is  still 
about  80%  of  that  discharge  current  at  1  A  g-1.  Clearly,  the  specific 
capacitance  slightly  decreases  with  increasing  current  density.  In 
particular,  the  mesoporous  structures  can  act  as  “ion  reservoirs”, 
which  provides  steady  supply  of  OH-  ions  and  ensure  that  Faradic 
reactions  take  place  efficiently  at  high  current  densities  for  energy 
storage  [39]. 

Stability  over  repeated  charge  and  discharge  cycling  is  critical 
for  supercapacitors  in  practice.  A  charge-discharge  cycling  test  is 
carried  out  to  examine  the  stability  of  amorphous  Ni(OH)2  nano¬ 
boxes  electrode  at  different  current  densities  (1-10  A  g1)  between 
0  and  0.5  V  (vs.  SCE)  in  2  M  KOH  electrolyte.  As  shows  in  Fig.6,  the 
current  density  from  1  A  g-1  to  10  A  g-1  results  in  the  reduction  in 
the  specific  capacitance  from  2495  F  g  1  to  1993  F  g_1.  The  capacity 
of  the  electrode  is  still  maintain  about  98.5%  of  the  initial  capacity 
after  100  cycle’s  1  A  g_1, 100  cycle’s  2  A  g_1, 100  cycle’s  5  A  g_1  and 
100  cycle’s  10  A  g_1  test.  It  is  illustrates  the  preparation  of 
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Fig.  6.  Cycling  performance  of  as-prepared  Ni(OH)2  hollow  nanobox  electrode  in  2  M 
KOH  electrolyte:  (a)  at  different  current  densities  and  (b)  at  a  discharge  current  of 
5  A  g"1. 

amorphous  Ni(OH)2  nanoboxes  electrode  have  good  rate  perfor¬ 
mance  and  cycle  stability. 

The  cyclability  of  the  amorphous  Ni(OH)2  nanoboxes  is  further 
tested  by  continuous  charge-discharge  measurements  (Fig.  6(b)) 
over  1200  cycles  at  a  current  density  of  5  A  g_1.  The  specific  ca¬ 
pacitances  increases  during  the  first  several  cycles,  which  is 
possibly  due  to  the  activation  process  of  the  Ni(OH)2  electrode. 
After  this  process,  the  specific  capacitances  are  stable  at  about 
2100  F  g-1,  losing  less  than  5%  capacitance  at  the  end  of  the  test. 

Good  rate  performance  and  the  cycle  stability  of  the  amorphous 
Ni(OFI)2  nanoboxes  may  due  to  its  morphology,  the  mesoporous 
structure.  One  reason  is  the  hollow  nanoboxes  structure  and  the 
mesoporous  provides  more  penetration  and  migration  through  the 
electrode  surface  road.  The  other  reason  is  the  nanoboxes  have 
good  hydrophilicity  because  the  preparation  reaction  of  Ni(OFI)2 
nanoboxes  was  carried  in  aqueous  solution.  Good  hydrophilicity  is 
beneficial  to  the  electrolyte  in  the  electrode  surface  diffusion  and 
migration. 

4.  Conclusion 

In  summary,  amorphous  Ni(OFI)2  hollow  nanoboxes  precursors 
are  produced  by  a  template  method.  The  samples  have  a  uniform 
morphology,  a  high  surface  area  of  214.6  m2  g_1  and  a  mesoporous 
structure  of  4-20  nm.  The  high  specific  surface  area  and  meso¬ 
porous  structure  are  favorable  for  the  pseudo-capacitance  reaction 
and  improve  the  electrochemical  properties  of  materials.  The 


results  demonstrate  the  high  specific  capacitance  and  excellent 
cycling  property  of  the  amorphous  Ni(OH)2  nanoboxes  material  for 
high-performance  electrochemical  pseudocapacitors.  These  amor¬ 
phous  Ni(OFI)2  hollow  nanoboxes  show  high  specific  capacitance  of 
2495,  2378,  2197,  1993  F  g"1  at  discharge  current  of  1,  2,  5  and 
10  A  g^1  respectively.  After  continuous  charge-discharge  mea¬ 
surements  over  1200  cycles  at  a  current  density  of  5  A  g-1,  the 
specific  capacitances  are  still  maintained  at  about  2100  F  g-1,  only 
losing  less  than  5%  capacitance  at  the  end  of  the  test. 
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